A fraction of the unintegrated viral DNA that appears early after infection of mouse cells by Moloney leukemia virus is infectious. The infectivity could be demonstrated by an XC plaque assay of the cells exposed to DNA co-precipitated with calcium phosphate. The number of plaques deriving from closed-circular, supercoiled DNA was proportional to the concentration of added DNA, indicating that a single DNA molecule of about 5.5 X 106 daltons carries all the viral information. Nonsupercoiled viral DNA is also infectious; these molecules appear to be largely doublestranded and 5 to 6 X 106 daltons in mass.
Following infection by RNA tumor viruses, various forms of unintegrated viral DNA appear and can be detected by molecular hybridization (1) (2) (3) . Some of these forms, including the closed-circular, supercoiled form, are probable precursors to the integrated viral genome. In this report both the closed-circular, supercoiled DNA and a fraction of the nonsupercoiled DNA are shown to be infectious. The DNA infectivity assay we describe is simple and quantitative, and the number of infectious events, also referred to as "transfections," can be directly determined by counting the plaques produced in an XC assay (4) . The demonstration of the biological activity of a fraction of the newly synthesized viral DNA proves that these forms contain the complete viral genetic information and thus makes stronger the hypothesis that these are intermediates in the synthesis of the integrated provirus.
MATERIALS AND METHODS
Infection. Roller bottle cultures of JLS-V9 cells, a murine line derived from Balb/c mice (5) , containing about 108 cells per 257-mm bottle, were infected with 20 ml of a stock of cloned Moloney murine leukemia virus (M-MuLV) in the presence of 8 ,ug/ml Polybrene (6) . The virus titers were between 1 and 2 X 107 plaque-forming units/ml as assayed by the XC plaque assay (4) .
Extraction of Viral DNA. Nine hours after the start of infection, cells were extracted by the Hirt procedure (7). The supernatant fraction was twice extracted with CHCl3-isoamyl alcohol followed by ethanol precipitation. This nucleic acid will be referred to as the Hirt-soluble nucleic acid. Un- less otherwise noted, the nucleic acid was resuspended in 10 mM Tris-HCl, pH 7.5, 5 After 20 min at room temperature, 4.5 ml of Dulbecco's modified Eagle's medium containing 10% calf serum was added. In later experiments, the DNA-calcium phosphate precipitates were added directly to cultures of cells containing 4.5 ml of growth medium. As reported (10) , this simpler technique gives identical results. The cultures were then incubated for 5 hr at which time the medium was changed. After an additional 3 hr the cells were trypsinized and seeded into 10 cm dishes at a density of 1.5 X 105 cells per dish. The procedure for the XC assay (4) was then followed. Plates were UV irradiated after 3-4 days and 6 X 106 XC cells were added. Plaques were counted 2 days later.
In several preliminary experiments infectious DNA was detected using a procedure employing DEAE-dextran (11) . This method was abandoned as we have found it to be less effective than the method described above when DNA concentrations exceed 5 The infectivity of this newly formed viral DNA could derive from unintegrated molecules or from M-MuLV DNA which had first integrated into the cellular chromosomal DNA and had subsequently appeared as part of the frag- Previous studies using molecular hybridization have shown that the unintegrated nonsupercoiled viral DNA is heterogeneous both in its size (3) and in the extent of its double-strandedness (13) . In order to determine whether all or just a subfraction of the nonsupercoiled viral DNA is infectious, this DNA was fractionated by two techniques. Nonsupercoiled DNA from infected cells was centrifuged in an isopycnic sodium iodide gradient. This type of gradient has been used to separate DNAs of different base composition (14) and to resolve single-and double-stranded DNAs (15) . Viral DNA bands slightly denser than mouse cell DNA in CsCl (3) and would be expected to band more densely in Nal as well (14) . As shown in Fig. 3 , incubation of an aliquot of each fraction of a Nal gradient with radioactive M-MuLV probe (1251-RNA; ref. 3) reveals that the viral DNA is heterogeneous and consists of single-stranded, partially singlestranded, and completely double-stranded molecules, in agreement with the results reported earlier (13) . When the remaining portion of each gradient fraction was tested for biological activity, infectious DNA was detected only in a region just denser than double-stranded mouse cell DNA. This is a position expected for viral DNA that is largely double-stranded. The banding position of the infectious DNA is in fact slightly denser than the least dense viral-specific DNA detectable by hybridization, suggesting that the infectious DNA may contain a small proportion of single-stranded regions.
Nonsupercoiled DNA was also fractionated by centrifugation on a neutral sucrose gradient. It has been previously demonstrated by hybridization (3) coiled viral DNA sediments as a double-stranded molecule of about 6 X 106 daltons and the rest sediments more slowly. As is shown in Fig. 4 , infectivity was detectable only in a single peak of DNA sedimenting at 18 S. a rate consistent with a double-stranded molecule of 5 to 6 X 106 daltons. On the basis of these results, we conclude that only a subfraction of the nonsupercoiled DNA is infectious and that this infectious DNA is a largely double-stranded copy of the viral 35S RNA. In addition, the sedimentation of the infectious DNA as a homogeneous species in a neutral sucrose gradient provides further evidence that it is not derived from an integrated genome.
DISCUSSION
The infectivity of the DNA of oncornaviruses was established by . The infectious viral DNA which they characterized was almost certainly the integrated form of the provirus (18) . The detection of unintegrated viral DNA by molecular hybridization shortly after infection (2, 3) raised the possibility that this DNA, a probable precursor to the integrated form, was also infectious. The present work establishes that at least two forms of this DNA are infectious, the supercoiled DNA and one form of nonsupercoiled DNA. When analyzed by electron microscopyt and by alkaline sucrose gradient sedimentation (2, 3), the supercoiled form has a double-strand molecular weight of 5.3 to 5.7 X 106. As demonstrated in this report, the infectious nonsupercoiled form has a roughly similar molecular weight, is largely double-stranded, and is not likely to be derived from the supercoiled form by degradation during the extraction procedure. (20, 21) .
The infectious DNA assay we describe makes use of the calcium phosphate procedure of Graham and Van Der Eb (8) (9) (10) 
